Ripe nectarines segregated through sensory quality evaluation and electronic nose assessment.
Introduction
In the peach industry, there are different agents that interact with fresh fruits, in their production, distribution and commercialization before the product reaches consumers. Each agent in this chain has different requirements and definitions of what quality means. The approach of the first links in this chain (production and distribution) is often oriented towards the features of the product, which are determined using analytic methods. This approach to fruit quality supplies objective data useful for carrying out market decisions. On the other hand, instrumental quality measurements are limited by the precision and ease of the technique employed; so the easiest parameters to appraise are also the most used in fruit quality control. The ground color, the flesh firmness, the soluble solids concentration and the titratable acidity are among the most used parameters compared, for example, for aroma determination [1] . However, are these parameters linked in some way with consumer appreciation? The approach based on the intrinsic quality of the product is the best way to follow the fruit's physiological changes throughout the market chain; but, it fails because it does not take human perceptions into account. Therefore, a more complete definition of fruit quality must consider both the instrumental and the sensory approaches. Sensory analysis techniques are of help in understanding the fruit's quality and its positive reception based on specific traits that can be studied to develop standard sensory evaluation protocols. Establishing the correlation between the sensory descriptors and the analytic parameters is the only way to be able to determine the satisfaction produced by fruit consumption as a measurable parameter.
Sensory techniques are tools to gain insight into consumer preferences, which, combined with the determination of physical and chemical parameters, provide a more detailed definition of fruit quality [2] .
Aroma is one of the attributes that mainly determines the acceptance of a fruit [3] and it is associated with ripening [4] . Aroma is generated by the emission of volatiles from the skin and flesh of the fruit, which are detected when they enter the nasal cavity to the back of the throat and are perceived by the olfactory receptor system [5] . While sugars and acids contribute to sweetness and tartness, aroma is derived from combinations of volatile molecules. The different proportions of the volatile components and the presence or absence of trace components often determine aroma properties [6] . The fruit's aroma, and consequently its quality, could be improved by initiating the harvest when the fruit is ripe, at least until the physiological ripening is complete on the tree [7] .
The electronic nose (e-nose) is one of the most promising non-destructive devices used in fruit quality assessment, and it is based on new chemical sensors that utilize differences in the electrochemical properties of volatiles [2, 8] . The sensors come into contact with volatiles, which are adsorbed in a thin layer reaction, generating a resistance that is transformed into an electrical signal. Through the use of an algorithmic model that processes the resistance data from each sensor, the volatile compound's data are expressed as a whole via a multivariate analysis. The e-nose has had several applications in food research, such as determining the most appropriate harvest maturity in fruits [9, 10] , establishing quality indexes [11] , or predicting the sensory quality associated with different harvest dates [12] .
The objective of our research was to test the ability of the e-nose to discriminate ripe peaches, and to compare the observed segregation pattern given by the e-nose with the result obtained by sensory analysis through a trained panel. An additional aim was to define the relation that exists between the principal chemical and sensory parameters with the perception of the aroma using a multiple linear regression.
Materials and methods
The yellow-fleshed nectarine cultivars 'Venus', 'María Dolce', 'Nectaross' and 'Maillarlate' and the yellow-fleshed peach 'Royal Glory' were used in this study. Fruits were harvested when the ground color was yellow, from an arboretum in Paine, near Santiago, Chile. Then, in the lab, the fruits were sorted non-destructively using a Durofel portable device (Agrotecnologies, Tarascon, France). A sample of homogeneous fruits was used to characterize the initial ripeness level through the flesh firmness, the soluble solids concentration (SSC), the titratable acidity (TA), the ground color and the fruit weight. The day after harvest, fruits were submitted to sensory analysis and e-nose evaluation.
Quality indexes
The flesh firmness was measured on both cheeks and both shoulders of each fruit, using a portable penetrometer (Effegi, Milan, Italy) with a 7.9-mm probe. The SSC was measured with a thermo-balanced PAL-1 refractometer (Atago, Tokyo, Japan) and the TA was assessed in 10 mL of juice, buffered with NaOH 0.1N, and then expressed as % (p/v) of malic acid. The fruit weight was individually determined using an electronic balance (Tech Master, California, USA). The ground color was measured with a CR-300 colorimeter (Minolta, Tokyo, Japan). The lightness (L), the saturation (C) and hue angle (H) were used to characterize changes in skin color from green to yellow during the ripening progress [13] . Twentyfour fruits per cultivar were used for maturity characterization.
Sensory analysis
The sensory analysis was performed at individual conventional booths by a trained panel of twelve individuals (aged 25-55). The training period of the panel in fresh fruit evaluation, for a total of 12 h, was carried out during the same harvest season. Six sessions were undertaken to discuss and standardize the criteria and definition of quality parameters. The fruit samples that were presented to each assessor were evaluated at the same flesh firmness range (60-70 Durofel Units). The samples were prepared in a white pottery dish by presenting a slice of fruit with its skin, cut and prepared less than 5 min before testing them, to ensure a glossy appearance and avoid the enzymatic browning of the flesh. The dish containing the sample was identified by a 3-digit code randomly assigned corresponding to the same code presented in a separate evaluation guideline. The evaluation guideline used a continuous scale for each attribute, ranging from 0 to 15, marked with two anchors, 0 = the lowest level for that specific attribute and 15 = the highest level for that specific attribute, previously used in stone fruit quality evaluation [10] . The attributes evaluated were aroma, sweetness, acidity, juiciness, texture, flavor and acceptability.
E-nose analysis
The analytical system used to determine the total volatiles produced by the fruits was an Electronic Olfactory System (EOS835) (Sacmi, Imola, Italy) composed of six metal oxide sensors, and a personal computer used for the acquisition and processing of the data generated. The device was connected to the malaxer by a steel feeler for headspace transfer from the malaxer chamber to the metal oxide semiconductor (MOS) array chamber, and it was equipped with two valves for the air inlet (air valve) and the headspace to analyze the gas (gas valve) [14] . Each individual fruit was placed in an airtight glass with a volume of 1,500 mL once the headspace had been homogenized for 10 min at 22 °C. The duration of each measurement was programed by the EOS835 software before the malaxation process began. Each measurement consisted of four steps: "before" (30 s) = the period before real analysis: at this time, there were no data registered; "during" (180 s) = the air valve was closed, whereas the gas valve was opened; the malaxer headspace was transferred to the MOS array, and the data were collected by each sensor during this step; "after" (30 s) = the gas valve was switched and the air valve was opened to restore the original MOS conditions; "wait" (180 s) and "cleaning" (100 s) = the transition time before a new measurement began.
With the exception of the "during" step, the gas valve was maintained in a switched position and only carrier air was blown into
the sensor chamber; this caused the sensor signal to return to the baseline. Pure synthetic air was used as a reference gas during the recovery phase of the measurement cycle. The previous conditions ensured that the baseline reading had indeed been recovered before performing the next analysis. The same flow (150 mL·s -1 ), same chamber temperature (22 °C) and same relative humidity (80%) were used for each determination.
The sensor response extracted by each sensor consisted of the sequence expression X = [R / R 0 ], where R 0 was the initial resistance of the sensor balanced in the air, R was the resistance of the sensor in the presence of the volatile compounds emitted from the fruits (which decreased with respect to R 0 ), and X was the response of each sensor recorded, expressed in Ohms [14] .
Statistical analysis
Fruit maturity characterization was performed in a completely random design with analysis of variance (ANOVA) [15] . Treatments were set for each cultivar, and 24 replications were used for the fruit weight, the SSC, the flesh firmness (penetrometer and Durofel) and the ground color. The TA data was the mean of six samples. Following the ANOVA, significant differences between means were determined by the Tukey separation test (p ≤ 0.05).
For the data registered with the e-nose, a PCA was performed using the Nose Pattern Editor program (SACMI, Imola, Italy). The sensory evaluation data underwent a principal component analysis [15] . The data were placed on a two-dimensional plot, and a Pearson's correlation among variables was performed. In both cases, 12 replications of a single fruit each per cultivar were used.
A multiple linear regression (MLR) was performed step-by-step in order to establish a prediction model. The data were separated into two groups: the first group was for developing the model (40 fruits in total, eight per each variety) and the other group was for prediction (20 fruits, four per variety). MLR is a common method used in quantitative analysis for studying the functional relationship between a response "Y" (dependent variable) and a variable "X" (independent variable). The regression is studied as changes in the X variables affect the response by fitting a model for the functional relationship between the two parameters [16] . The equation of the multiple linear regression model is: The use of a linear regression allows one to choose the subset of regressor variables that should be in the model. This procedure is part of the regression model with all the regressor variables, and each stage was subsequently raised as if all input variables should be maintained. The algorithm ends when no variable enters or leaves the model [17] . This work was used as a threshold to enter or leave the model at a p-value of 0.15.
Consequently, to find the best value among the values returned by each sensor and quality attributes, verification of the calibration model through the mean square error (MSE) was used, while the coefficient of determination (R 2 ) was used to verify the proposed model for the relationship between the predicted and the observed values. A valid model should have low MSE and high R 2 values. In addition, the validation was performed through normality and homogeneity tests [16] .
Results and discussion

Quality indexes
Intrinsic peach quality can be investigated through several physical and chemical parameters. Most studies focus on a limited number of parameters, and identifying those of major importance for quality would be highly beneficial. The main parameters that define the ripeness level, and which are commonly used in stone fruits, are ground skin color, soluble solids concentration (SSC), flesh firmness and titratable acidity (TA) [2] . A generic single quality index based on SSC has also been developed [18] [19] [20] .
The SSC of the nectarines 'María Dolce' and 'Venus' showed no difference, but the SSC of 'Nectaross', 'Maillarlate' and 'Royal Glory' did present differences within the group (table I) . 'Maillarlate' showed the highest SSC (18.5%); by contrast, 'Royal Glory' showed the lowest SSC. Final concentrations of fruit biochemicals at maturity result from changes during fruit development. Sucrose, glucose and fructose are the main sugars in peach fruits, followed by sorbitol, a sugar alcohol, in smaller amounts [21, 22] .
Flesh firmness is a basic indicator of peach quality, which is related to horticultural maturity at harvest and must be maintained from harvest to consumption. However, the firmness measurement should be supported by other approaches coupling sensory and instrumental measurements to appreciate desirable quality traits better, such as crispness and crunchiness [23] .
All the cultivars showed flesh firmness between 15 N and 24 N, a flesh firmness range that characterizes the peaches as "ready to eat", which is associated with the maximum reachable quality of a fruit [24] . Nevertheless, 'María Dolce' and 'Nectaross' showed significant differences, with the latter reaching the highest flesh firmness. This trait is one of the most important parameters of peach quality and is a principal attribute considered by peach consumers [25] .
The TA showed differences among all the varieties; 'Nectaross' showed the highest value and 'Royal Glory' the lowest (table I) . 'María Dolce' is classified as a sub-acid fleshed cultivar [26] , and these genotypes are characterized by a TA in the range of 0.3-0.5% [27] , coinciding with the observed TA values. However, 'Royal Glory' and 'Maillarlate', both varieties classified as normal acid genotypes, also showed a TA even lower than that observed in 'María Dolce'. This behavior could surely be explained by the low TA of sub-acid genotypes being particularly evident in fruits with higher flesh firmness or less ripe ones. The TA of "tree-ripe" fruits decreases the product of the oxidation of the organic acids [27] that takes place during the final phases of ripening, and the differentiation between normal and sub-acid cultivars is only possible before these ripening phases are completed. The [SSC / TA] ratio was different among all the varieties. 'Maillarlate' showed the highest ratio, a product of its low TA and high SSC. This ratio is quite relevant because it determines sweetness. In fact, sweetness perception is known to be affected by a number of parameters, in particular acidity, with the overall consumer appreciation related more to the [TA / SSC] index ratio than to the SSC alone [28] . 
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Fruit pigments are the chemicals responsible for skin and flesh color, and, during the ripening period, many fruits undergo significant changes in their pigment composition. These changes include both the degradation of existing pigments and the synthesis of new pigments, and, in many cases, both processes occur simultaneously. Among these pigmentation changes, chlorophyll degradation is of paramount importance in many products as it is used as a primary criterion for assessing ripening stage and quality [29] . The ground color lightness (L) and the saturation (C*) did not show any differences in 'María Dolce', 'Nectaross', 'Maillarlate' and 'Venus', but statistical differences were observed between them and 'Royal Glory' (table I). The ground color hue (h°) did not show any differences among 'Royal Glory', 'Maillarlate' and 'Venus', but statistical differences were observed between 'María Dolce' and 'Nectaross'.
E-Nose
The e-nose permitted cultivars to be grouped and differentiated based on the composition and concentration differences of volatiles, results which have been corroborated by other studies on peaches [10, 29, 30] and apples [31] . The compositions of volatiles and their intensity correspond to an intrinsic characteristic of each variety [32] and its ripening stage [10] .
In addition, Moltò et al. [33] employed gas chromatography to investigate the main chemical components of peach aroma and related their concentration to the response of transducers sensitive to delta and gamma decalactones. Sensor responses had good correlations with a classification made by experts based on visual appearance of ripening. The sensors were more sensitive, also detecting skin breakage, and showed a good correlation with firmness measurements determined with a penetrometer. The e-nose has been tested for evaluating sensorial properties of peaches and nectarines, obtaining results that encourage further investigations into interactions between natural olfaction and the e-nose [4] . Since visual aspect and aroma are primary aspects of peach quality, Di Natale et al. [34] combined visible spectra and e-nose data as an improvement of overall fruit quality in a non-destructive determination. In another study, this instrument was able to discriminate four peach cultivars even if they shared a common progenitor, indicating the power of the instrument for genetic studies [35] .
In assessing the response of each sensor, it was found that S6 (SnO2, RGTO Mo, 45 Å) showed the most consistent and significant results in terms of ability to segregate varieties, and it was therefore selected for building up the PCA and the predictive model. A subset of a few sensors can thus be chosen to explain the behavior of volatile compounds. This result agrees with that obtained by Hernández Gómez et al. [36] , where only three sensors in a total of 10 had a greater influence in the current pattern file for mandarins.
According to the PC1 (89.32%), 'Nectaross', 'Maillarlate' and 'Venus' were grouped far from cultivars 'Royal Glory' and 'María Dolce', being settled on different quadrants of PC1 ( figure 1) . This separation demonstrates the ability of the e-nose to segregate varieties depending on the composition of their volatiles. Similar results have been achieved in other studies on apricots [37, 38] .
By contrast, an e-nose employed to establish quality index models able to describe the different picking dates of 'Xueqing' pear found that flesh firmness and SSC exhibited a good prediction performance; however, for TA, there was a very poor correlation with the signal of the e-nose [12] .
The results given by the e-nose could not show us which or at what concentration volatile compounds were present, but it did allow segregation between varieties or stages of maturity considering the overall aroma. This provides a quick system to classify and differentiate food without the need to determine the chemical composition of the gas phase [39] .
Sensorial analysis
Fruit quality is associated with different attributes that vary during ripening, producing changes in sensorial traits and consumer acceptance. Sensory evaluation in stone fruits should consider the climacteric phase of the ripening process, and standardized flesh firmness, around 1-2 kg [10] . The strength of sensory evaluation is the possibility of providing a complete fruit profile, valid for product comparisons, shelf-life monitoring and prediction of consumer acceptance. This allows for weighting single parameters in terms of influence on overall perception [2] .
In the sensorial analysis conducted through the trained panel, the PCA explained 90.6% of the total variation of the model, with 65% on the PC1 and 25.6% on the PC2 ( figure 2) . The variable couples showing positive correlation were 'sweetness'-'juiciness', 'sweetness'-'texture', 'juiciness'-'texture' and 'texture'-'flavor'. 'Aroma' appeared independent of 'juiciness' and 'sweetness' (table II). The 'acceptability', 'flavor' and 'texture' showed a high correlation with PC1, while 'aroma', 'acidity' and 'sweetness' behavior explained PC2 (figure 3) . In this case, it was observed that the conformation of one cluster containing 'Nectaross', 'Maillarlate' and 'Venus' was best associated with 'flavor', 'sweetness', 'juiciness', 'acceptability' and 'texture'. The cultivar 'Royal Glory' appeared alone, showing no association with any sensory attribute, and a somewhat analogous situation was observed with 'María Dolce' (figure 2) . This sorting pattern of the genotypes generated by the trained panel evaluation was also observed with the analysis carried out by means of the e-nose.
Similarly, Crisosto et al. [20] segregated cultivars of 23 peaches and 26 nectarines according to the sensory perception of their organoleptic characteristics through a trained panel, generating a minimum quality index for each organoleptic group rather than proposing a generic minimum quality index based on SSC. Brovelli et al. [40] emphasize the usefulness of descriptive sensory evaluation and principal component analysis in evaluating the sensory quality of new cultivars. 
Multiple linear regression
A wide range of pre-and postharvest conditions can alter the synthesis and/or emanation of volatiles from harvested plant products that may be associated with flavor, ripening or other factors influencing quality or storage potential. To understand the aromatic profile of peaches, all those parameters that make it vary must be integrated, and one of the ways to achieve this is to use a multiple linear regression (MLR).
To generate the MLR, the attribute 'aroma' was determined using the trained panel as the dependent variable, while 'sweetness', 'acidity', 'juiciness', 'texture', 'flavor' and 'acceptability' were considered as regressor variable attributes. Furthermore, the electrical resistance signals, obtained from S6 sensors, were also considered as values for the regressor variables in the model. The proposed model indicates that the attributes 'acidity', 'acceptability', 'sweetness' and the S6 resistance data are the main variables that define the aroma in the evaluated cultivars, presenting a mean square error (MSE) of 3.85 and a R 2 of 0.48. When the model was used to make predictions on the 20 samples (four fruits per variety), the observed result of prediction was high (R 2 = 0.89). The aroma-based MLR may prove the relative importance of each parameter when a sensory segregation of peach cultivars is required. According to Costell [41] , the acceptability level of a food responds to a dynamic integration of all the stimuli produced by it, and there is an association among them. 'Aroma', one of the descriptors associated with acceptability, has been related previously to results obtained from e-noses, due to their capacity to segregate different cultivars. Other authors obtained positive correlations among the parameters 'flavor', 'sweetness' and 'aroma' and especially between 'aroma' and 'flavor' [42] , which could suggest that consumers would be willing to pay more for more aromatic peaches with a better flavor [43] . In tomatoes, the separation of different genotypes in terms of their sensory quality was also achieved with an e-nose and a trained panel [8] .
Through this work, it can be concluded that the e-nose is an instrument that measures a signal associated with the aroma perceived by the human nose in nectarines and might segregate different nectarine cultivars according to their sensory characteristics in a non-destructive way. 
